Left ventricular pulsus alternans (LVPA), a rhythmic beat to beat variation in left ventricular systolic pressure and outflow gradient, was noted in 35 of 200 patients with hypertrophic cardiomyopathy undergoing hemodynamic study. LVPA was not associated with significant systemic pulsus alternans nor right ventricular pulsus alternans. All patients with LVPA had severe outflow gradients at rest or during provocation. Of 61 patients with severe basal outflow gradients (greater than 80 mm Hg), 12 demonstrated LVPA at rest. Eight of these patients underwent ventricular septal myotomy-myectomy; all had successful abolition of basal outflow gradient. Of the seven of these eight patients who underwent postoperative hemodynamic study and who were in sinus rhythm, none demonstrated LVPA. Eleven of 60 patients with basal outflow gradients ranging from 10 to 70 mm Hg demonstrated LVPA during maneuvers provocative for outflow gradients (mean gradient 90 + 37 mm Hg). Two of these patients underwent ventricular septal myotomy-myectomy; neither had a gradient nor LVPA during provocation postoperatively. Twelve additional patients with basal outflow gradients ranging from 0 to 115 mm Hg had LVPA after ectopic beats, generally occurring during maneuvers provocative for outflow gradients, associated with severe outflow gradients (mean gradient 130 + 39 mm Hg) during the postextrasystolic beat. None of the 41 patients without an outflow gradient, basal or during provocation, was found to have LVPA. Thus LVPA is commonly seen in patients with hypertrophic cardiomyopathy and severe left ventricular outflow gradients and may represent inadequate left ventricular contractile function in the presence of high left ventricular systolic pressures.
FOR OVER 100 years pulsus alternans, characterized clinically by alternating strong and weak beats on palpation of peripheral pulses, has been considered a sign of myocardial disease.' Pulsus alternans most commonly occurs in the setting of increased afterload, such as aortic stenosis2' and hypertension,4'5 especially in the setting of myocardial failure. However, pulsus alternans has also been observed in patients with cardiomyopathies of a variety of etiologies, including hypertrophic cardiomyopathy.6i1 Although pulsus alternans is attributed to a rhythmic alternation in stroke volume ejected by the left ventricle, the mechanism of this phenomenon has been controversial. [11] [12] [13] [14] [15] [16] [17] Several studies in animals and humans suggest an alternating contractile state of the myocardium between strong and From the Cardiovascular Diagnosis Section, Cardiology Branch, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, MD. weak beats.1 '26 In this study, we report the occurrence of left ventricular pulsus alternans (LVPA) with minimal or no systemic pulsus alternans in patients with hypertrophic cardiomyopathy and the circumstances under which this phenomenon is observed.
Methods
We reviewed the hemodynamic data of 200 consecutive patients with hypertrophic cardiomyopathy undergoing cardiac catheterization in our laboratory between March 1981 and November 1984, and who fulfilled the following criteria: (1) a diagnosis of hypertrophic cardiomyopathy based on echocardiographic demonstration of a hypertrophied, nondilated left ventricle in the absence of another cardiac or systemic disease capable of causing myocardial hypertrophy27; (2) the absence of coexisting valvular heart disease; (3) the presence of sinus rhythm; and (4) in patients who underwent an operation for hypertrophic cardiomyopathy, performance of a preoperative study at the Clinical Center, NIH.
A total of 290 studies were performed in these 200 patients. The majority of patients were New York Heart Association functional class III or IV.28 Seventy-nine patients with left ventricular outflow gradients9 10, 29 and who had undergone ventricular septal myotomy-myectomy30 or mitral valve replace-ment31 underwent both preoperative and postoperative CIRCULATION hemodynamic studies, and an additional 11 patients underwent repeat studies for other reasons. Hemodynamic studies were performed after discontinuation of all medications for at least 48 hr (or five drug half-lives). All catheterizations were performed after overnight fasting and after premedication with diazepam 10 mg orally. Hemodynamic measurements were made before use of contrast material for cineangiography.
LVPA was defined arbitrarily as an alternating change in left ventricular peak systolic pressure of at least 10 mm Hg for at least 10 consecutive beats during simultaneous measurement of left ventricular pressure with an end-hole catheter and arterial pressure with an indwelling catheter, usually in the brachial artery. The criterion for ventricular pressure alternans after an ectopic beat was defined as an alternating change in left ventricular pressure of at least 10 mm Hg for at least 4 beats (two alternans cycles) after a ventricular ectopic contraction. Care was taken to exclude artifactual distortion of the left ventricular pressure by catheter entrapment as described by Wigle et al. 32 Specifically, (1) blood could be withdrawn from the catheter throughout the cardiac cycle, indicating that the catheter was in a blood-filled, not muscle-bound, chamber in systole, and (2) there was no prolongation of the left ventricular pulse width in relation to the arterial pulse pressure width (from upslope to dicrotic notch). Simultaneous measurements of left ventricular and arterial pressure were made at rest and during maneuvers to provoke left ventricular outflow gradients9' 1O 29 including Valsalva maneuver, inhalation of amyl nitrite and infusion of isoproterenol to a heart rate end point of 120 beats/min. Because of rapidly changing hemodynamics, it was often difficult to ascertain LVPA during the relatively brief period of the performance of the Valsalva maneuver. Not all maneuvers were performed in all patients; those with large resting intraventricular gradients (greater than 100 mm Hg) generally underwent no maneuvers. Whenever an intraventricular gradient was demonstrated at rest or during a maneuver, such as isoproterenol infusion, the gradient was always localized below the aortic valve in the left ventricular outflow tract by pullback of the end-hole catheter.9 Right heart catheterization was performed in all patients. Although right ventricular pressures were recorded in close temporal relation to the recording of left ventricular pressures, simultaneous pressure measurements were not made. Cardiac outputs were determined by green dye or thermodilution techniques.
In all patients, left ventriculography and coronary arteriography, using multiple views, were performed after the completion of hemodynamic studies. In the majority of patients, resting ejection fractions were obtained by gated blood pool scintigraphy with patients in the supine position, as previously described,33 during the same hospitalization and off all medications. In those patients who were found to have LVPA and who did not have radionuclide ejection fraction determinations, ejection fractions were estimated from the left ventriculogram in the right anterior oblique projection using the area-length method of
Sandler and Dodge.34
Repeat hemodynamic studies were performed in patients who underwent ventricular septal myotomy-myectomy or mitral valve replacement within a year postoperatively. The protocol for left heart catheterization was the same as that used preoperatively. Right heart catheterization and cineangiography were generally not performed during postoperative studies.
Because it is our belief35 36 and the belief of others37 that gradients measured in the left ventricular outflow tract, after exclusion of catheter entrapment artifact, represent dynamic obstruction to left ventricular outflow in hypertrophic cardiomyopathy, the words "gradient" and "obstruction" will be used interchangeably in the Discussion section, as well as in the title of this article.
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Results
Ninety-nine of the 200 patients either had no basal left ventricular outflow gradient or a minimal gradient of less than 30 mm Hg. The remaining 101 patients had basal outflow gradients of greater than 30 mm Hg. Twenty-five patients were found to have coexisting coronary artery disease (greater than 50% luminal diameter narrowing of one or more coronary arteries). Thirty-five of the 200 patients (18%) demonstrated LVPA as defined by an alternans of systolic ventricular pressure of 10 mm Hg or greater. As has been described in pulsus alternans associated with valvular aortic stenosis, the beat-to-beat change in ventricular pressure was far greater than the change in arterial pressure,2' 3 thus making clinical detection by pulse palpation difficult. Similarly, in the majority of cases of LVPA in hypertrophic cardiomyopathy similarly determined in this study, the alternans of arterial pressure was less than the alternans of left ventricular pressure between strong and weak beats, likewise making detection difficult on pulse palpation. These 35 patients were divided into three groups based on the circumstances under which LVPA were measured. Group 1. Twelve patients had LVPA at rest (table 1, figures 1 and 2). In five patients the altemans in left ventricular systolic pressure was continuous throughout the entire period of measurement. In seven patients, periods of LVPA alternated with stable peak ventricular and arterial systolic pressures. All patients had resting intraventricular gradients ranging from 88 to 157 mm Hg (mean 129 ± 22) with the strong beat, and 72 to 145 mm Hg (mean 112 ± 22) with the weak beat. The peak systolic pressures ranged from 192 to 294 mm Hg (mean 246 ± 30) with the strong beat and 177 to 279 mm Hg (mean 227 ± 29) with the weak beat. No change in left ventricular end-diastolic pressure was noted between strong and weak beats. Only one of these 12 patients underwent maneuvers; that patient demonstrated an exacerbation of LVPA during Valsalva maneuver (figure 2).
Of the 200 patients studied, 61 had basal left ventricular outflow gradients equal to or greater than 80 mm Hg. Thus, the 12 patients with resting LVPA represented an incidence of 20% of patients with severe basal outflow gradients in the left ventricle. Of the 25 patients with both hypertrophic cardiomyopathy and coronary artery disease, eight had basal gradients 277 cardiac index (1/min/m2); PA mean pulmonary arterial pressure (mm Hg); PCW = mean pulmonary arterial wedge pressure (mm Hg); LVEDP = left ventricular end-diastolic pressure (mm Hg); EF = ejection fraction (%); A = peak arterial systolic pressure (mm Hg); LV = peak left ventricular systolic pressure (mm Hg); Grad = left ventricular outflow gradient (mm Hg).
AEjection fraction obtained from left ventriculography (see Methods). greater than 80 mm Hg; three of these patients had LVPA (patients 10, 11, and 12; table 1). Their hemodynamic data were no different from those of the nine patients with rest LVPA and normal coronary arteries. No other patient with hypertrophic cardiomyopathy and coronary artery disease had LVPA. The 12 patients with LVPA were significantly older, had a higher resting heart rate, and had a higher rest gradient than the remaining 49 patients with basal outflow gradients equal to or greater than 80 mm Hg but without LVPA (table 2) . Although many group 1 patients had elevated left ventricular filling pressures and pulmonary hypertension, the range was wide and not significantly different from the other 51 patients without LVPA. No patient had evidence of right ventricular pulsus alternans, although right ventricular pressure tracings were generally only a few seconds in duration. The resting ejection fraction was above 50% in all group 1 patients (72 + 12%).
Eight of the 12 patients in group 1 underwent ventricular septal myotomy-myectomy as previously described. 30 One patient (No. 8) also underwent right coronary artery bypass grafting. There were no deaths, and all eight patients underwent repeat hemodynamic studies under the same circumstances as the preoperative study from 1 to 6 months after operation (table 3, figures 1 and 2). Seven were in sinus rhythm and thus 278 were suitable for examination for the presence of LVPA. None of the seven postoperative patients in sinus rhythm had a rest outflow gradient. Four patients had significant gradients (range 45 to 135 mm Hg) during a maneuver provocative for outflow gradients. LVPA was not seen in any of these seven patients at rest or during provocative maneuvers.
Group 2. Eleven patients demonstrated LVPA only during a maneuver provocative for outflow gradients (table 4, figure 3 ). Rest gradients ranged from 10 to 73 mm Hg (mean 26 + 22 mm Hg). The resting ejection fraction was above 50% in all group 2 patients (77 ± 10%) in whom a determination of ejection fraction was made. Two patients had LVPA during inhalation of amyl nitrite and 10 during infusion of isoproterenol. Peak outflow gradients during a provocative maneuver ranged from 44 to 161 mm Hg (mean 90 + 37) during the strong beats and 35 to 153 mm Hg (mean 78 ± 38) during the weak beats. Peak left ventricular systolic pressures during provocation ranged from 158 to 312 mm Hg (mean 201 ± 45) during the strong beats and 148 to 301 mm Hg (mean 188 + 45) during the weak beats. No change in left ventricular end-diastolic pressure was noted between strong and weak beats.
Two of the 11 patients with LVPA during infusion of isoproterenol (patients 19 operative hemodynamic study, no significant outflow gradient or LVPA was noted during infusion of isoproterenol. Group 3. Fourteen patients, including two patients from group 2, had LVPA after a ventricular premature contraction (table 5, figure 4 ). In five patients, LVPA appeared after a ventricular premature contraction that occurred at rest before provocative maneuvers. These five patients had rest gradients ranging from 22 to 115 mm Hg, with gradients after ventricular premature contraction of 81 to 200 mm Hg. In all 14 patients, ventricular premature contractions occurred during a provocative maneuver associated with at least two cycles of LVPA. Peak gradients during provocation ranged from 40 to 160 mm Hg (mean 98 ± 38), and after ventricular premature contraction gradients ranged from 70 to 225 mm Hg (mean 137 + 44) associated with postectopic systolic pressures ranging from 144 to 312 mm Hg (mean 226 ± 45). Patients ver was associated with a 50 mm Hg gradient and LVPA in this patient.
Discussion
In this series of 200 consecutive patients with hypertrophic cardiomyopathy fulfilling study criteria, 35 (18%) demonstrated LVPA at some time during hemodynamic study. The true incidence of LVPA is undoubtedly higher for two reasons: First, our criteria of a repetitive reciprocal change in left ventricular pressure of at least 10 mm Hg resulted in exclusion of milder LVPA (at least 11 additional patients in our study). We chose conservative criteria to more reliably ascertain LVPA superimposed on respiratory changes in ventricular systolic pressures. Second, in several patients, LVPA was intermittent. Thus the relatively brief recording period might not have detected possible LVPA of other patients. Finally, in most patients with basal outflow gradients of greater than 80 mm Hg, provocative maneuvers were not performed. Conceiv ten demonstrated the abnormality after ventricular premature contractions. Finally, in one patient in this series who underwent hemodynamic studies before and after successful aortic valvulotomy, pulsus alternans was abolished.
Several observations were derived from our study. First, LVPA occurred only in the presence of large outflow gradients that were present at rest (minimum gradient 88 mm Hg and minimum peak systolic pressure 192 mm Hg), during provocation (minimum gradient 44 mm Hg and minimum peak systolic pressure 158 mm Hg), or after a premature ventricular contraction (minimum gradient 70 mm Hg and minimum peak systolic pressure 144 mm Hg). Patients with LVPA at rest tended to be older and have higher basal heart rates than those patients with high resting basal outflow gradients but without LVPA. LVPA was never seen in the absence of a significant outflow gradient. The presence of coexisting coronary artery disease did not affect this dependency of LVPA on high outflow gradient. Moreover, successful operative removal of a resting or outflow gradient during provocative maneuvers also abolished LVPA during postoperative hemodynamic study in all but one patient who had postectopic LVPA during Valsalva maneuver associated with a 38 In addition, there was no significant change in left ventricular end-diastolic pressure between strong and weak beats to suggest a change in left ventricular filling, and thus an alternation of stroke volume by the Frank-Starling mechanism.'1 12 Thus LVPA in hypertrophic cardiomyopathy may be due to alternating myocardial contractility in the presence of significant obstruction to left ventricular outflow and high left ventricular systolic pressures.
Wiggers't suggested that pulsus alternans was caused by rhythmic alterations in the number of myocardial contractile units, based on studies in animal preparations. Guntheroth et al. 19 studied healthy dogs demonstrating pulsus alternans during rapid pacing and found no relationship between stroke volume and left ventricular end-diastolic pressure or diameter. Because this observation argued against rhythmic alteration in end-diastolic fiber stretch (Frank-Starling mechanism), these investigators suggested that alternate deletion and potentiation of contraction of myo- 103  162  59  1  10  9  88  212  124  1  11  10  100  155  55  3  16  13  99  214  115  0  10  10  138  213  75  2  15  13  116  159  43  0  10  10  99  168  69  1  10  9  74  159  85  3  17  14  133  181  48  0  19  19  113  148  35  1  10  9  148  301  153  3  11  8  110  188  78  1  13  11  22  45  38  1  3  3 measurements during hemodynamic study of four patients with severe aortic stenosis and sustained pulsus alternans and found no alteration in end-diastolic minor axis dimensions before weak and strong beats. Instead they found reduced contractility during weak beats compared with strong beats by analysis of the left ventricular end-systolic stress to dimension relationship. Hess et al.26 found no evidence of alternating diastolic relaxation and filling of the left ventricle in 12 53 greater pathophysiologic emphasis has been placed on abnormal diastolic function in this disease in the presence of normal or supranormal systolic function. However, two recent studies have questioned the concept of a "hypercontractile" left ventricle in hypertrophic cardiomyopathy4t, 54 by demonstrating reduced end-systolic stress relative to end-systolic volume. These data suggest that myocardial contractility may be depressed in hypertrophic cardiomyopathy even in the presence of normal indexes of global left ventricular systolic performance. It is possible that LVPA reflects inadequate left ventricular contractile function in the presence of markedly elevated systolic left ventricular pressures caused by severe outflow obstruction even though indexes of global left ventricular pump function may appear normal or supranormal, as evidenced by elevated ejection fractions in the major- ity of patients demonstrating LVPA in our study. The absence of significant change in left ventricular enddiastolic pressure between strong and weak beats would argue against significant alternation in left ventricular filling (Frank-Starling mechanism) as an explanation for the alternating left ventricular pressure changes noted in the patients in this study. In an extensive monograph on hypertrophic cardiomyopathy, Braunwald et al.,9 in addition to describing LVPA in a patient with an 80 mm Hg rest outflow gradient, also described LVPA in an unusual setting. A patient who also had a basal 80 mm Hg outflow gradient and minimal LVPA was found to have more obvious LVPA upon elevation of the legs, at which time the left ventricular end-diastolic pressure rose from 20 to 40 mm Hg, accompanied by a reduction in outflow gradient to 30 mm Hg with the strong beat and 0 mm Hg with the weak beat. Although the authors offered no explanation for this finding, this observation appears to obviate a strict association of LVPA with large outflow gradients. However, the sudden rise in preload to such high pressures would result in an increase in wall stress, which would be experienced during isovolumic contraction as well as during systolic ejection. 55 Thus, although the increase in cardiac volume with elevation of the legs might reduce dynamic outflow obstruction, a large, early systolic afterload would be imposed in its place, possibly reducing wall shortening 284 in systole. Inadequate contractile reserve might be unmasked in this setting, resulting in LVPA. No patient without significant outflow gradient demonstrated LVPA in our series, although sudden alterations in preload were not performed.
Our study reveals that LVPA with no or minimal systemic arterial pulsus alternans is frequently present in patients with hypertrophic cardiomyopathy who manifest severe left ventricular outflow gradients at rest (particularly in older patients), during provocative maneuvers, or after ventricular premature contractions. LVPA was not seen in patients without severe outflow gradients either basal or during provocative maneuvers. This association of LVPA with high left ventricular systolic pressures suggests that obstruction to left ventricular outflow, particularly if severe, has hemodynamic significance with respect to left ventricular contractility. Conversely, removal of left ventricular outflow tract gradient (in this study, by ventricular septal myotomy-myectomy) also prevents this phenomenon.
We thank Imogene Surrey for her excellent secretarial assistance.
